In this study, we found that EDR4 and RLK902 positively regulate plant resistance to 23 Pseudomonas syringae. EDR4 modulates the subcellular trafficking and accumulation of 24 RLK902 protein. RLK902 associates with BSK1 and transmits immune signals by direct 25 phosphorylation of BSK1. Abstract 28 Plants employ receptor-like kinases (RLKs) and receptor-like proteins for rapid 29 recognition of pathogen invasion and RLKs then transmit signals to receptor-like 30 cytoplasmic kinases (RLCKs) to activate immune responses. RLKs are under fine 31 regulation mediated by subcellular trafficking, which contributes to the proper activation 32 of plant immunity. In this study, we show that Arabidopsis thaliana RECEPTOR-LIKE 33 KINASE 902 (RLK902) plays important roles in resistance to the bacterial pathogen 34 Pseudomonas syringae, but not to the fungal powdery mildew pathogen Golovinomyces 35 cichoracearum. RLK902 localizes to the plasma membrane, and associates with 36 ENHANCED DISEASE RESISTANCE 4 (EDR4), a protein involved in 37
. The edr4-1 mutant displayed enhanced susceptibility to Pto DC3000 hrcC -, 136 as for Pto DC3000, indicating that EDR4 acts as a positive regulator in plant immunity to 137 Pto DC3000 ( Figure 1B) , most likely in PAMP-triggered immunity.
139
Pathogens often induce accumulation of defense-related genes (e.g., the 140 PATHOGENESIS-RELATED gene family, or PR genes) after infection. A previous study 141 indicates that transcripts of PR genes accumulated to a greater degree in the edr4-1 142 mutant than in the wild type after G. cichoracearum infection (Wu et al., 2015) . In 143 contrast, the transcript levels of PR1 and PR2 were much lower in edr4-1 plants than in 144 wild-type plants after P. syringae infection ( Figure 1C and 1D ). Taken together, these 145 data imply that EDR4 plays opposite roles in responses to the fungal powdery mildew G. 146 cichoracearum and the bacterial pathogen P. syringae. 147 148 Two RLKs Interact with EDR4 in planta 149 EDR4 associates with CHC2 to negatively regulate plant resistance to powdery mildew 150 by affecting the accumulation of EDR1 (Wu et al., 2015) . As EDR1 also plays a negative 151 role in resistance to Pto DC3000, the positive function of EDR4 in bacterial resistance 152 suggested that EDR4 might regulate the defense response to bacteria by modulating other 153 components of plant immunity.
155
Previous investigations using the yeast two-hybrid system indicated that two homologous 156 RLKs, RLK902 and RKL1, interact with EDR4. In addition, after infection by P. Figure S2E ). Those two RNAi lines supported 190 significantly more growth of both the Pto DC3000 and Pto DC3000 hrcCstrains than of 191 the wild-type plant at 3 days post inoculation (dpi) ( Figure S2F and S2G) , indicating that 192 RLK902 plays positive roles in resistance to bacterial Pto DC3000. 193 194 Although the amino acid sequences of RLK902 and RKL1 share similarity of more than 195 75% (Tarutani et al., 2004a) , rkl1 mutants displayed wild-type-like response to P. 196 syringae ( Figure S3A and S3B), indicating that RKL1 might not be involved in resistance 197 to Pto DC3000. To examine whether RLK902 and RKL1 function redundantly in defense 198 responses, we infected an rlk902 rkl1 double mutant with Pto DC3000. The resistance of 199 this double mutant to Pto DC3000 was similar to that of the rlk902 single mutants 200 ( Figure S3C ). We also generated edr4-1 rlk902, edr4-1 rkl1, and edr4-1 rlk902 rkl1 201 mutants and infected those plants with Pto DC3000. As shown in Figure S3D , bacterial 202 growth on those mutants was not significantly different from that on rlk902 single 203 mutants. Taken together, these data indicate that RLK902, not RKL1, positively regulates 204 plant resistance to P. syringae. EDR4 and RLK902 likely function in the same genetic 205 pathway of defense responses to Pto DC3000.
207
To investigate whether RLK902 and RKL1 play roles in powdery mildew resistance, we 208 infected wild-type, rlk902, and rkl1 plants with G. cichoracearum UCSC1. Unlike edr4, 209 which showed enhanced resistance to powdery mildew, rlk902 and rkl1 displayed 210 wild-type-like phenotypes. In addition, loss of one or both RLKs did not affect the 211 powdery mildew resistance phenotype of edr4-1 ( Figure S3E and S3F), indicating that 212 RLK902 and RKL1 may not contribute to powdery mildew resistance. As we did not find 213 any evidence that RKL1 is involved in plant immunity against Pto DC3000 and G. 214 cichoracearum, we focused on RLK902 in this study.
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217
To further investigate the role of RLK902 in resistance to P. syringae, we overexpressed 218 RLK902 by introducing a 35S:RLK902-YFP-HA construct into wild-type plants. 219 Phenotyping of two independent overexpression lines, OE-1 and OE-2, indicated that 220 both displayed growth inhibition and spontaneous cell death. After four weeks of growth 221 in short-day condition, OE plants were much smaller than wild-type plants and showed 222 signs of cell death. In contrast, the rlk902 mutant did not show any growth or 223 developmental defects ( Figure S4A and S4B).
225
To examine whether overexpression of RLK902 caused enhanced resistance, we 226 challenged OE plants with Pto DC3000 and found that both OE lines were more resistant 227 to Pto DC3000 than the wild type ( Figure 4C ). We also detected constitutively higher 228 levels of PR gene expression in the two OE lines ( Figure S4D and S4E). These data 229 provide further support for a positive role of RLK902 in plant immunity. Previously, we showed that EDR4 associates with CHC2 and modulates plant immunity 233 by regulating the relocation of EDR1 (Wu et al., 2015) . Since EDR4 associates with 234 RLK902, and both edr4 and rlk902 mutants showed similar phenotypes of enhanced M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 10 10 10 10 the chc2-2 mutant also displayed enhanced susceptibility to Pto DC3000. Next, we 244 observed the epidermal cells of the cotyledons of 7-day-old transgenic seedlings by 245 confocal microscopy. We found that RLK902 was mainly localized at the plasma 246 membrane, as expected for an RLK, and that edr4-1 and chc2-2 mutations did not affect 247 this plasma membrane localization of RLK902 ( Figure S5E ).
249
To examine whether vesicle trafficking of RLK902 was altered in edr4-1 and chc2-2 250 mutants, we treated the aforementioned transgenic plants with Brefeldin A (BFA), a 251 fungal metabolite that inhibits vesicle trafficking and leads to endomembrane aggregates 252 (Brandizzi et al., 2002; Ichimura et al., 2002; Nebenführ et al., 2002; Robinson et al., 253 2008). After 30 minutes of BFA treatment, we observed that RLK902-GFP in the 254 wild-type background formed aggregates in the cytoplasm. However, lack of EDR4 or 255 CHC2 affected the production of BFA bodies ( Figure 4A ). We also measured the 256 fluorescence intensity of root tip cells, and used the ratio of intracellular fluorescence 257 intensity (F internal ) to total fluorescence intensity of the whole cell (including the cell 258 membrane; F total ) to analyze the subcellular trafficking of RLK902 quantitatively.
259
Consistent with the confocal imaging results, BFA caused intracellular aggregation of 260 RLK902 in the wild type, but not in the edr4-1 and chc2 mutants, as indicated by the 261 value of F internal /F total ( Figure 4B ). BFA treatment leads to inhibition of vesicle trafficking 262 and formation of BFA bodies. RLK902-GFP was observed in BFA bodies in WT plants 263 indicates that the localization of RLK902 is involved in subcellular trafficking processes.
264
The reduced production of BFA bodies in the edr4-1 and chc2-2 mutants indicate that the 265 subcellular trafficking of RLK902 was defected in those mutants, therefore, the 266 subcellular trafficking of RLK902 is dependent on EDR4 and CHC2. To further study the relationship between EDR4 and RLK902, we challenged 4-week-old of RLK902 transcripts by quantitative reverse-transcription PCR and the abundance of 271 RLK902 protein by western blot. The transcript level of RLK902 did not differ 272 significantly between wild-type and mutant plants ( Figure 4C ). In addition, we examined 273 the protein level of RLK902 before and after inoculation of Pto DC3000. As shown in 274 Figure 4D and 4E, the RLK902 protein is increased both in wild-type and mutant plants 275 in the early stage of pathogen inoculation, and Pto DC3000 treatment could partially 276 restore the compromised accumulation of RLK902 in the edr4 and chc2 mutants.
277
However, the protein levels of RLK902 were much lower in the edr4 or chc2 mutant 278 background than in the wild type both before and after inoculation, indicating that EDR4 279 and CHC2 contribute to the accumulation of the RLK902 protein. As shown in Figure 5A and 5B, we detected an interaction between RLK902 and BSK1 289 in an LCI assay. We also performed a yeast two-hybrid assay to examine the interactions 290 in vitro. Our data indicated that RLK902 could bind BSK1 in yeast, which implied that 291 RLK902 and BSK1 directly associate ( Figure 5C ). To further confirm the interaction 292 between RLK902 and BSK1, we generated transgenic Arabidopsis plants expressing 293 RLK902-GFP and BSK1-MYC, and performed a Co-IP assay. As shown in Figure 5D , however, we did not detect any interaction between RLK902 and BIK1 either in vitro or 298 in planta ( Figure S6A -S6C).
299 300 BSK1 has previously been shown to interact with FLS2 and modulate flg22-induced 301 immunity responses, including the ROS burst (Shi et al., 2013) . To investigate whether 302 RLK902 forms a complex with FLS2, we examined whether RLK902 associates with 303 other components of the FLS2 immune complex, including BAK1 and FLS2. However, 304 we did not detect any interactions between RLK902 and FLS2 or BAK1 by either LCI or 305 yeast two-hybrid assays ( Figure S6A -S6C). Consistent with this observation, the rlk902 306 mutant did not show any defects in ROS burst after being treated with flg22 ( Figure S6D ).
307
Therefore, RLK902 might not participate in defense response elicited by flg22 308 recognition but may instead function independently of FLS2. 309 310 RLK902 Phosphorylates BSK1 Directly in vitro 311 As RLK902 directly interacts with BSK1, we hypothesized that RLK902 activates BSK1 312 by direct phosphorylation. To determine whether RLK902 could phosphorylate BSK1, 313 we generated a kinase-deficient form of BSK1 (BSK1 K104E ) and expressed it in 314 Escherichia coli to allow us to carry out in vitro kinase assays. As shown in Figure 6A , 315 RLK902-KD and BSK1, but not BSK1 K104E , showed autophosphorylation activity, and 316 BSK1 K104E could be phosphorylated by RLK902-KD.
318
A previous study showed that the Ser-230 residue of BSK1 is the major phosphorylation 319 site for the brassinosteroid receptor BRASSINOSTEROID INSENSITIVE 1 (BRI1) 320 (Tang et al., 2008) . We therefore examined whether the Ser-230 of BSK1 is also the 321 phosphorylation site for RLK902. We expressed and purified BSK1 K104E S230A -His in E. Based on the results of the in vitro kinase assays described above, we hypothesized that 328 RLK902 transmits signals to BSK1 by phosphorylation. To test this hypothesis and assess 329 the role of Ser-230 phosphorylation in plant immunity, we examined whether the 330 phosphomimetic mutation of Ser-230 of BSK1 could rescue the susceptibility of the 331 rlk902 mutant to Pto DC3000. First, we introduced the BSK1 S230D and BSK1 S230A 332 variants into the rlk902 bsk1-1 double mutant and selected two individual transgenic lines 333 of both BSK1 S230D /rlk902 bsk1-1 and BSK1 S230A /rlk902 bsk1-1, which accumulated 334 similar protein level of BSK1 variants for pathogen inoculation ( Figure 6B ). Then, we 335 inoculated wild-type, rlk902, rlk902 bsk1-1, BSK1 S230D /rlk902 bsk1-1 and 336 BSK1 S230A /rlk902 bsk1-1 plants with Pto DC3000. At 3 days after inoculation, the 337 population of the pathogen in transgenic lines of BSK1 S230D /rlk902 bsk1-1, but not 338 BSK1 S230A /rlk902 bsk1-1, was significantly lower than that in the rlk902 mutant, but 339 greater than in the wild type, indicating that the phosphomimetic mutation of BSK1 could 340 partially rescue the defects of rlk902 mutants in defense against P. syringae ( Figure 6C ). To gain more insights into the relationship between RLK902 and BSK1, we infected 346 wild-type, rlk902, bsk1-1 and rlk902 bsk1-1 plants with Pto DC3000, and we found that 347 the rlk902 bsk1-1 double mutant displayed similar susceptibility to the bsk1-1 mutant 348 ( Figure 6D ), indicating that BSK1 and RLK902 are likely to be in the same genetic In this study, we found that EDR4 and RLK902 play important roles in resistance to the 357 bacterial pathogen P. syringae. We showed that EDR4 physically associates with 358 RLK902 and thereby regulates its intracellular trafficking and accumulation. In addition, , 2006) . Previously, we showed that EDR4 negatively regulates the defense response to 370 powdery mildew by modulating the relocation of EDR1. Moreover, the loss-of-function 371 mutants of EDR1 and EDR4 show very similar phenotypes, including enhanced 372 resistance to G. cichoracearum and mildew-induced cell death (Wu et al., 2015) .
373
Intriguingly, however, we found in this study that edr4-1 mutants showed enhanced 374 susceptibility to the bacterial pathogen Pto DC3000, unlike edr1 mutants, which are 375 resistant to Pto DC3000. It is interesting that EDR4 plays opposite roles with respect to 376 bacterial Pto DC3000 and the powdery mildew pathogen. One explanation for these 377 observations is that the cargo transported by EDR4 has opposite effects in bacterial and 
524
Immunoblotting was performed as described previously (Zhao et al., 2014) . Primers used in this study 586 The primers used in this study are listed in Supplemental Table 1 . 
901
Genotypes were wild-type (WT, Col-0 ecotype), single mutants (rkl1, rlk902 edr4-1), 902 double mutants (rlk902 rkl1, edr4-1 rlk902, edr4-1 rkl1) and triple mutants (edr4-1 903 rlk902 rkl1). Lower-case letters indicate statistically significant differences (P < 0.05; n = 904 9; ANOVA). 
